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STRIPPING IN CYCLOTRONS TO OBTAIN HIGH ENERGY
HEAVY IONS
J. R. J. BENNETT
Rutherford High Energy Laboratory, Chilton, Berks., England
The energy of heavy ions obtained from cyclotrons is severely limited by the charge states available from ion
sources. By using harmonic acceleration and stripping the ion to a higher charge state during acceleration, the
energy can be increased. Unfortunately this gives a beam which is extremely badly centred and results in very
poor beam quality and low extraction efficiency. It is shown that the orbit centring problem can be overcome by
using two strippers. Thus the energy range of existing cyclotrons can be simply extended for heavy ions. With a
separated sector cyclotron the scheme could possibly be used to replace the expensive high terminal voltage tandem
Van de Graaff injector, selected in many heavy ion proposals, by a much lower voltage injector.
1. INTRODUCTION
The maximum energy obtainable in a cyclotron
is a strong function of the charge-to-mass ratio of
the ion,
where E/m is the energy per nucleon, q/m is the
charge-to-mass ratio in units of the electronic
charge and atomic mass and K is a constant of the
cyclotron design, dependent on the maximum
magnetic field and orbit radius.
To reach energies of 8 to 10 MeV/nucleon for
heavy ion nuclear reactions with the majority of
existing cyclotrons it is necessary for q/m to be at
least 0.3 to 0.35. Because of the difficulty in
producing multiply-charged heavy ions in present
sources(l) these energies are only available for ions
lighter than neon.
In the past, highly ionized particles have been
obtained by harmonic operation and stripping in
the cyclotron,(2) but the resulting beam is badly
centred and beam currents are very small.
The scheme suggested here follows this concept,
but the particles are stripped twice at given points
on the orbit to obtain good centring. Recently
Tarantin(3) also suggested the improvement to the
original stripping idea by using specific stripping
targets rather than the residual gas in the vacuum
chamber. However, an unequal energy gain at the
two dee crossings or an asymmetric magnetic field
is proposed for recentring the stripped beam.
Another suggestion is to use protons to strip heavy
ions in the centre of the cyclotron.(4)
2. HARMONIC ACCELERATION AND
STRIPPING
2.1. Energy Gain by Stripping
Consider an ion of charge q 0 accelerated on an
odd harmonic, hoof the radio frequency applied to
the dee of the cyclotron. If the charge state of the
ion is increased to q2 during the acceleration by
collision with a target or residual gas in the vacuum
chamber, it is possible to continue the acceleration
on a lower harmonic, h2 • In this case, for accelera-
tion of both ion species the relation between the
charge states and harmonic numbers is
qo 112
q2 = ho •
Assuming for the present that it is possible to have
both beams of charge qo and q2 simultaneously
centred in the cyclotron, then the energy attained by
the stripped ion at maximum radius is given by
where Eo is the energy at the same radius for the
ion of charge qo. Typical harmonic numbers
could be ho = 3 and h2 = 1 (fundanlental), thereby
increasing the energy of the stripped ion by a
factor of 9 over that which would have been
reached by the unstripped ion.
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2.2. Orbit Centring by Intermediate Stripping
If the ions are centred before being stripped they
will be off-centre after stripping by an amount
during the orbit in which the strippings occur, the




or, in terms of the harmonic numbers,
2.3. Phase Conditions for Acceleration after
Stripping
The harmonic numbers ho and hz must be odd
multiples of the radio frequency in order to get
acceleration before and after stripping. Therefore,
Moreover the particles should roughly maintain
the same phase relative to the rf at the dee gaps C
and D before and after the stripping. This may be
expressed by
aho+nh i +(n- a)hz = 2nn, where n is an integer,
where Po and P2 are the orbit radii immediately
before and after stripping respectively. With
values of ho = 3 and hz = 1 the displacement of the
orbit centre is a large fraction (j) of the radius Po.
The original cyclotron stripping experiments used
the gas in the vacuum chamber for the stripping
target. Thus the stripping could take place over a
wide area of the cyclotron. This, coupled with the
poor centring of the stripped beam, caused heavy
beam loss, poor beam quality and very low extrac-
tion efficiency.
By stripping the beam twice at precise points on
the orbit it is possible to have the beam centred
both before and after stripping. If the ion of charge
qo accelerated on harmonic ho is stripped to charge




where I is an integer




FIG. 1. Plan view showing two strippers placed in
a cyclotron.
to q2 at B, the conditions for the beam to be
centred after the stripping are:
f3-a = n
The first conditIon simply states that the strippers
must be 1800 apart, but does not define the angles.
Since the velocity remains approximately unchanged
or
a(2/+ l)+nh i +(n-a)(2m+ 1) = 2nn.
Substituting from the orbit centring condition





For all the allowable values of I and In, a = nl2 is
always one of the solutions.
Hence the strippers are arranged on a line per-
pendicular to the dee edge, one in the dee and one
in the dummy dee, as shown in Fig. 2. The
particle orbits are centred before and after stripping,
the particles arrive at the dee gap, D, in the same
phase as at C and further acceleration is possible on
a lower harmonic number. Simple circular orbits
have been assumed in the calculation which must be
modified slightly for the effect of scalloping due to
pole ridges in isochronous cyclotrons. A computer
plot of the ion motion in a typical three sectored





FIG. 2. Plan view showing properly positioned and
oriented strippers in the cyclotron.
cyclotron showed that one stripper need only be
moved round the orbit by a fe\v degrees to obtain
good centring and phase conditions.
2.4. Angular Frequency and Relativistic Effects
Because of the relativistic mass increase of the
particle as it gains energy in the cyclotron, the
orbital frequency is lowered,
Bqc2OJ= ---
moc2 +E·
B is the magnetic field, rnoc2 the rest mass energy
and E the kinetic energy of the ion. In an iso-
chronous cyclotron the magnetic field is shaped to
increase with radius to maintain a constant angular
frequency.
The unstripped particle is accelerated to a radius
Po where it is stripped once. After executing half a
revolution the particle is at radius P2 and undergoes
a further stripping which places it on a smaller
centred orbit with a higher charge. The particle
then continues to be accelerated out past the
stripping radius to the maximum radius permitted
by the size of the cyclotron. Hence both stripped
and unstripped particles cover a region of the
cyclotron between radii Po and P2. The particles
have different orbital frequencies at the same radii.
The unstripped particle has an angular frequency,
BQoc2OJo=
rno c2+Eo
and the stripped particle
at the same radii.
Assuming that the stripped particle is in exact
resonance with the radio frequency
the difference between the actual value of the
angular frequency of the unstripped particle and
the harmonic value is
hz/10) = 0)0 - h
o
0)2 ·
This may be re-expressed as
A _ OJo Eo[(ho/h2)2 -1]
LlOO - 2 2 •
rno c +Eo(ho/h2)
Ifrnoc2 ~ E2
/10) = 0)0 E~ [(ho)2-1J.
moc h2
The unstripped particle is changing phase with
respect to the radio frequency at the rate of
2nhul1OO/OOo radians (of the rf) per revolution of the
unstripped particle. If the unstripped particle
rotates through ¢ radians about the axis the particle
will have changed phase with respect to the rf by
de = fh o/10) d¢.OJo
The energy gain per angle of revolution of the
particle is
dEo qo VD cos e
d¢ =--n-
where VD is the dee voltage amplitude and () is the
phase of the particle relative to the peak of the rf
voltage. Substituting for d¢ and l1oo/OJo in the
expression for de and integrating gives
Eo2(pO) - E02(P2)





/h2)2 -1] [sm Oo(Po)- sm 00(P2)].
Eo(Po), eo(po) and EO(P2), eO(P2) are the limits of
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The expression shows the maximum value of the
stripping energy, Es, to which the ion of charge qo
can be accelerated for a given change in phase.
If a similar calculation is made with the un-
stripped particle in exact resonance with the radio
frequency, then the stripped particle will change
phase by
E 2( ) _ 2VDQ2mOc2[sinOipo)-sin02(P2)]
2 P2 - nh2[1-(h2/ho)2J[(ho/h2)4_1] .
The phases 02(P2) and 02(PO) correspond to the radii
P2 and Po respectively. E2(pz) is the energy of the
stripped ion at P2 and is the stripping energy Es•
Since the most useful values of ho and h2 are 3
and 1 respectively,
(ho/h z)4 ~ 1,
then the expressions for Eo(Po) and E2(pz) become
very nearly the same.
The stripping energy can be increased by adjust-
ing the magnetic field and radio frequency so that
OJrf is roughly midway between the two frequencies
OJoho and OJ2 hz. The particle of charge qo will slip
forward in phase relative to the radio frequency
voltage and the stripped particle will slip backwards
at an equal rate. Since the phase error per turn is
halved the stripping energy is increased by ')2. For
the table in Sec. 3 the values of Es is calculated
assuming that e oscillates a little over 50° both
sides of the peak of the rf voltage. Then the value
of Es is
2.5. The Strippers
Referring to Fig. 2, it is seen that the unstripped
ions have to pass the second stripper at B without
being stripped. Since B is near the centre, the
turn separation is large and a reasonably small
stripper should fit between two adjacent turns.
The second stripper is required to produce a
relatively highly charged state (qz) and in many
cases should be of at least equilibrium thickness to
maximize the output. For the same reason a high
stripping energy is desirable, but this is limited by
phase considerations covered in the previous
section.
In obtaining the maximum stripping energy the
optimum yield of ions of charge q1 is usually found
when the first stripper (at A) is less than equilibrium
thickness.(S,6) Unfortunately, the stripped ions
pass through the first stripper and beam is thereby
lost. If the stripper is very thin or qz is the optimum
charge at that energy then the number of particles
which change their charge will be small. However,
in many cases the loss can be severe. Since the
turn separation is not usually very large at the radii
where the first stripper would be located it is not
possible to place the stripper between adjacent
turns of the orbiting stripped particles. However,
an enhanced turn separation could be obtained by
introducing an harmonic into the magnetic field
near the stripper radius to produce a coherent
radial oscillation in the orbit.
Gas or vapour jet stripping targets would be most
desirable for durability and large beam currents, and
could easily be adjusted for optimum thickness to
suit any beam. Jets have already been made(7,S,9)
with thickness sufficient to produce equilibrium
distributions in most cases. However, because of
the confined space in the cyclotron the design of a
suitable jet is a most severe problem.
The first stripper, in which nonequilibrium
charge distributions are required, should probably
be a gas or vapour jet for all ion beams since
sufficiently high charge states are produced and the
jet is readily adjustable in thickness. However, the
second stripper must be a solid foil for all but the
lighter ion beams to reach the high charge states.
Unfortunately, foil strippers are severely limited in
the current density which they can accept. If a
solid stripper could be developed which did not
have current limitations great improvements could
be made in the performance of accelerators using
stripping.
3. CURRENTS AND ENERGIES
Table I lists energies and currents which could be
expected in a medium sized isochronous cyclotron
(K = 84) for a few selected particles. Since the
stripping energy is highest with third harmonic
operation only this example is taken. It is assumed
that the radio frequency is adjustable over a very
wide range to accommodate the low charge-to-mass
ratios. The table lists the electronic charge values
qo, ql and q2' the maximum stripping energy Es and
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TABLE I
Energies and currents obtainable for a variety of particles in a medium energy cyclotron (K = 84)
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Particle qo ql q2 EsMeV EfMeV 11% 12% stripper IfPp,A Remarks
Nitrogen 2 3 6 13 216 50 20 Nitrogen gas 30
Oxygen 2 3 6 14 189 50 40 Argon gas 60
Neon 2 3 6 16 151 50 50 Argon gas 80 Optimum stripping
energy less than Es
3 40r 5 9 19 340 50 20 Foil 0.2 Beam not centred
Chlorine 4 6 12 30 346 30 20 Foil 0.2
Argon 4 6 12 32 304 30 20 Foil 0.2
5 7 or 8 15 35 473 30 0·5 Foil 0.005 Beam not centred
Bromine 6 9 18 54 (38) 344 25 7 Foil 0.07
8 12 24 63 610 25 0 Foil 0
Iodine 8 12 24 78 (42) 380 20 1 Foil 0.01
10 15 30 93 (66) 595 20 0 Foil 0
the final energy Ef' Where Es exceeds the value
obtainable in the cyclotron by reason of its size,
the maximum value is given in brackets. Es is
calculated for a dee voltage of 80 kV and [sin (}o(Po)
- sin (}O(P2)] is taken as n/2.
The fraction, /1' of ions stripped from qo to ql
is difficult to assess with any accuracy due to lack
of data. In a nonequilibrium distribution the
fraction of ions in a charge state below that of the
most populated of an equilibrium distribution can
equal or exceed the fraction in the most populated
of the equilibrium distribution. Assuming that the
first stripper can be adjusted to optimum thickness,
the values of/1 have been listed as equal to the most
populated equilibrium fraction. The fractions of
the particles stripped from q1 to q2 are shown under
the column headed/2 . The data on stripping have
been taken from a number of sources listed under
Refs. 5 and 6 and 10-15.
The column headed If indicates the particle
currents that could be expected frolll the cyclotron
under ideal conditions with 'perfect' strippers. The
total output from the source under dc conditions
is taken as 50 rnA and the fraction of current in
charge state qo is estimated from the literature. (16,17)
Using a capture efficiency of 3 per cent(16) for the
cyclotron under third harmonic operation the final
particle. current of ions accelerated to high energy
can be calculated. These currents are obviously
optimistic because no account has been taken for
losses due to scattering or energy loss in the foils.
Furthermore, it is assumed that the strippers do not
intercept beam nlore than once. For the nitrogen,
oxygen and neon beams using gas strippers the high
beam currents might be realistic, but for solid foil
strippers the currents would have to be drastically
reduced. To estimate for solid strippers it has been
assumed that a current of only one particle micro-
ampere enters the second foil stripper.
Using Ne3 + and AS + it is possible to obtain
energies in excess of 10 MeV/nucleon when stripped
to Ne9 + and A 1S + respectively. However, the
stripped beams are not properly centred, but the
error is not very serious and could be at least
partially corrected by the use of harmonic coils in
the cyclotron.
4. SEPARATED SECTOR CYCLOTRONS
There have been many proposals(18) recently to
build separated sector cyclotrons for high energy
heavy ions. The machines mainly employ large
tandem Van de Graaffs as injectors to initially
accelerate the ions to an energy where a high charge
state can be produced by stripping.
By using the stripping technique outlined in this
paper it might be possible to replace the expensive
tandem accelerator by a small dc injector. The
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orbit dynamics are more complicated than in the
case of a magnet which is not split into separate
sectors. An accurate calculation for the particular
geometry must be carried out including the effects
of magnet edges on both vertical and radial motion.
However, if the orbit dynamics are not a problem
the system could have merit. Crude calculations
show that the charge states attainable by stripping
in the cyclotron would be comparable to those using
the large Van de Graaffinjectors.
Because of the high harmonics used in separated
sector cyclotrons the problem of phase slip is
accentuated. Therefore high dee voltages ( '" 300 kV
with two dees) are needed to keep the stripping
energy up to a value which yields ions of charge
states which are competitive with tandem injectors.
Dzhelepov et al.(19) have suggested that the beam
from a separated sector cyclotron. can be extracted,
passed through a stripper and then reinjected into
the cyclotron for further acceleration. However,
the phase slip accrued during the accelerations is
not mentioned and any scheme which simultaneously
accelerates particles of different charge will have the
same limitations as mentioned in Sec. 2.4.
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